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Water-Soluble  PoiyphoepliazeDes  and  their  Hydrogds 


HanyR.  Allcock 

Depactment  of  Chemistiy,  Hie  Pennsylvania  State  Universi^,  Unxversi^  Park, 

Pennsylvania  16802 

Water-stdiiUe  synthetic  polymen  anl  hydrogels  are  inqionant  in  areas  as  varied 
as  biomedicine,  adhesicm,  membranes,  and  viscosity  enhancemenL  They  are  possible 
rqilacements  in  tedinology  and  medicine  for  many  naturally-occurring  polymen. 
Unfmtunately,  relatively  few  of  die  hundreds  of  known  synthetic  polymen  are  soluble  in 
water.  Thus,  die  design  and  synthesis  of  new  wmer-soluble  polymen  or  hydrogels  is  a 
subject  of  considerable  interest  This  chapter  is  a  review  of  an  approach  to  this  problem 
that  makes  use  of  the  following  concepts. 

Concepts  Used  in  this  Work 

Water-solubility  in  polymen  results  from  two  influences.  First,  solubility  in 
water  may  result  from  the  presence  of  certain  hydrophilic  units  in  the  polymer  backbone- 
especially  units  such  as  -0-,  -NH-,  or  -N^b  that  possess  lone  pair  electrons  for  hydrogen 
bonding  to  water.  Second,  water-solubili^  often  results  from  the  presence  of  hydrophilic 
side  groups,  such  as  -OH,  -COONa,  -NH2,  -NHCH3,  -SO3’,  or  -OO,  or  amphiphilic 
units  such  as  -OCH2CH2O-,  etc.  concentrations  of  hydrophilic  side  groups  may 
overcome  a  lack  of  hydrophilic  units  in  the  backbone,  but  a  hydrophilic  backbone  is  the 
best  starting  point  for  water-soluble  polymer  design. 

The  secraid  craicept  used  in  dns  wmk  is  related  to  the  method  of  polymer 
synthesis.  Two  general  methods  mdst  for  bringing  about  variations  in  polymer  siracture: 
(1)  The  polymerization  or  copolymerization  of  different  monomers,  and  (2) 
macromolecular  substimtion  reactions  in  which  side  groups  already  attached  to  a  polymer 


chain  are  replaced  by  other  groups  (Scheme  I).  The  first  method  is  more  widely  used 
than  the  second,  mainly  because  of  the  availabUity  of  a  wide  range  of  petrochemical 
mcmomers,  but  also  because  the  side  group  rq)lacementreactic»is  of  organic  polymers  are 
often  relatively  ineffident  Nevertheless,  as  will  be  demonstrated,  the  mactomolecular 
substitution  approach  is  an  excellent  metiiod  for  tiie  synthesis  of  water-soluble  polymers 
since  it  allows  a  hig^  degree  of  utilization  of  molecular  design  and  either  extensive  or 
subtle  structural  manipulation. 

The  third  prindple  is  this;  that  one  of  the  most  effective  routes  to  hydrogel 
formation  is  via  the  cross-linldng  of  water-soluble  polymers  (Figure  1).  Cross-links 
between  hitherto  water-soluble  polymer  molecules  will  prevent  dissolution  of  the 
polymer  in  water.  However,  the  cross-linked  material  will  absorb  water  and  swell  to  an 
extent  that  is  defined  by  the  number  of  cross-links  per  chain.  Thus,  the  design  of 
hydrogels  (which  are  of  critical  importance  in  the  field  of  biomedicine)  depends  on  the 
development  of  cross-linking  methods  that  are  appropriate  for  side  groups  that  impan 
water-solubility. 

The  fourth  concept,  that  will  be  referred  to  lamr,  concerns  the  stability  of  a  water- 
soluble  polymer  or  hydrogel  to  hydrolysis  in  aqueous  media.  In  most  technological 
applications,  hydrolytic  instability  is  considered  to  be  a  detrimental  property.  However, 
in  biomedicine,  hydrolytic  breakdown  of  the  polymer  or  a  hydrogel,  may  be  an  essential 
requirement  if  the  polymer  must  eventually  "erxxfo”  as  it  is  replaced  by  living  cells  or 
after  its  use  as  a  drug  delivery  platform  has  been  conqrleted  (Figure  2).  Hydrolytic 
instability  can  often  be  designed  into  a  polymer  by  the  selection  of  the  main  chain  units, 
the  side  groups,  or  both. 

The  last  concept  m  be  illustrated  in  this  chapter  is  that  a  group  of  polymers  known 
as  polyphosphazenes  (1)  have  many  advantages  for  development  as  water-soluble 
polymers  or  hydrogels.  The  backbone  is  hydrophilic,  the  chain  structure  has  a  high 
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degree  of  flndbility,  and  (depending  on  the  side  grcnqis)  the  backbcme  may  be  induced  to 
undergo  hydrolysis.  Ifowever,  the  main  advantage  of  these  polymers  is  the  ease  with 
which  water-solubilizing  side  groups  can  be  linked  to  die  chain  via  macromolecular 
sobstimtion  reactions.  As  will  be  demonstrated,  the  baddione  is  sufficiendy  stable  to 
hi^  energy  radiation  that  X-rays,  gamma  rays,  electron-beam,  or  ultraviolet  izxadiadtm 
can  be  used  as  a  clean  and  effective  way  to  crosslink  the  polymers  through  the  side 
groups  in  cider  to  generam  hydrogels. 

Methods  of  Phosphazene  Polymer  Synthesis 


The  main  method  for  the  synthesis  of  polyphosphazenes  is  illustrated  in  Scheme 
Hl-d  It  consists  of  a  ring-opening  polymerization  of  a  heterocyclic  "monomer",  shown 
as  2,  followed  by  replacement  of  the  chlorine  atoms  in  the  resultant  polymer  (3)  by 
organic  groups  tbrou^  macromolecular  nucleophilic  substitution  reactions.  The  chlorine 
replacement  step  can  be  carried  out  either  to  intxodnce  only  one  type  of  side  group  or,  by 
simultaneous  or  sequential  substitution,  to  introduce  two  or  more  different  types  of  side 
groups.  The  most  important  feature  of  this  reaction  is  that  the  high  reactivity  of  the  P-Cl 
bonds  allows  all  the  halogen  atoms  to  be  replaced.  Considering  that  the  average  chain 
length  of  polymer  3  is  15,(XX)  repeating  units,  this  means  that  30,(XX)  chlorine  atoms  are 
replaced  per  polymer  chain!  BuU^  nucleophiles  (such  as  azyloxide)  may  slow  this 
reaction  to  the  point  that  elevated  temperatures  may  be  required  to  allow  the  reaction  to 
proceed  to  completion.  A  variation  on  this  synthesis  method,  in  which  some  of  the 


OTganic  groups  are  introduced  before  ring-opening  polymerization,  is  shown  in  Scheme 

Both  of  the  routes  shown  in  Schemes  n  and  m  were  discovered  and  developed  in  ~ 
our  research  program  and  have,  so  far,  led  to  the  synthesis  of  noore  than  3(X)  different 
polyphosphazenes. 


□ 

□ 


Altemarive  synthesis  routes,  that  involve  condensatioa-type  processes,  have  been  _ 

developed  in  other  laboratories,  and  these  are  shown  in  Scheme  TV.  — 

3i3t  I  Sjcclal 
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Examito  Water*Solabie  Polyphospliazenes 

Quit  I  shows  six  diffexent  polyphosphazenes  that  are  soluUe  in  water.  All  of 
them  were  synthesized  in  our  labocaiocy  via  variants  of  the  chemistry  shown  in  Scheme 
n.  Each  has  the  same  hydrophilic  badcbone  structure,  and  all  bear  hydrophilic  side 
groups.  Ihreet^possiUy  four  of  them  are  stable  to  hydrolysis  at  room  teoq)erature  or 
body  ten^eranne.  Two  of  them  (6  and  7)  hydrolyze  at  detectable  rates  in  neutral  aqueous 
media  at  100^  and  are  presumed  to  hydrolyze  slowly  at  lower  remperatures.  The 
following  discusskm  will  consider  each  of  these  examples  in  turn,  iUusaadng  the 
differences  and  opportunities  for  molecular  design  and  property  optimization. 

i.  Pofy[bis(meihflamtio)phospha2ene]  (4).  This  polymer  was  the  first  water- 
soluble  polyphosphazene  to  be  synthesized.  It  is  ^aepared  by  the  addition  of  aTHF 
soluticm  of  poly<dichlotophosphazBne)  (3)  to  a  lasi^  excess  of  mediylamine  in  the  same 
solvent  at  0^  These  reaction  conditions  were  chosen  to  minimize  the  possibiliQr  that  a 
-N(H)-CH3  side  unit  could  crosslink  the  chains  during  synthesis  through  reaction  with  a 
P-Cl  unit  or  another  chain.  This  polymer  has  a  glass  transition  mnq)erature  (Tg)  of  14^0 

The  water-solubility  of  4  is  believed  to  be  due  to  (a)  the  small  size  of  the  side 
groups,  which  exposes  the  skeletal  nitrogen  atoms  to  hydrogen  bonding  to  water,  and  (b) 
strong  hydrogen  bonding  between  water  and  the  I4H  units  of  the  side  groups.  This 
polymer  appears  to  be  stable  to  neutral  and  basic  aqueous  media  but  hydrolyzes  tt> 
pho^hate  and  ammonum  salts  in  strcmg  adds. 

Polymer  4  is  sensitive  to  cross-linldng  when  exposed  to  gamma-rays.  The 

mechanism  of  this  process  is  illustrated  in  Scheme  V.  Cross-linldng  is  believed  to  occur 
by  radiation-induced,  carbon-hydrogen  bond  deavage,  followed  by  cross-combination  of 
the  NHCH2*  radicals  produced.  This  cross-linking  process  has  been  used  to  stabilize 
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•mphiiMBc  membnuies  prq»red  fiom  poiyphosphazenes  that  contam  bodi  meth 
and  fluoroalkoxy  or  aiyloxy  cosubstitnent  gnnips.^^ 

2.  Pofy[bis(methoxyethoxyethoxy)phosp^zeMj  (5)("MEEP").  One  of  the  most 
interesting  and  potentially  most  useful  polyidiospliazettes  yet  syndiesized  is  polymer  5. 

This  pdymer  is  prepared  by  die  reactioa  of  polyCdicfaloropho^hazene)  (3)  with  the 
sodium  salt  of  methoxyethoxyethanol  in  THF  solution  (Scheme  VI).  ^7  Because  the 
polymer  is  infinitely  water-soluble  at  25^  it  can  be  purified  by  dialysis. 

MEEP  has  unusual  solution  properties  in  water,  exhibiting  the  phenomenon 
known  as  a  lower  cridcal  solution  ten^pexature  (TCSTO.  Polymers  that  possess  this 
cfaaractexisdc  are  soluble  below  a  specific  tenqierature,  but  become  insoluble  at 
tenqietatures  above  this  point  (Hgpre  3).  MEEPhasaLCSTof  Anumberof 
polymers  related  to  MEEP,  but  widi  different  edieric  side  groups,  different  alkyl  ether 
chain  lengths,  and  different  terminal  alkoxy  groups  have  also  been  synthesi»d  (10-13). 

Several  of  these  also  exhibit  LCSTs,  as  shown  in  Table  Presumably  the  LOST 
behavior  of  these  polymeis  reflects  a  dominance  by  the  "hydrophobic”  character  of  the 
CH2CH2  units  and  die  alkyl  end  units  over  the  hydrophilic  effect  of  the  etheiic  oxygen 
atoms  above  die  LCST.  Replacement  of  a  hydrophobic  alkyl  terminal  group  by  a 
hydrophilic  amino  unit  eliminates  the  LCST  effecL 

A  characteristic  of  MEEP-type  polymers  is  their  low  glass  transidon  temperatures, 
which  can  be  attributed  to  the  combinadon  d  a  highly  flexible  backbone  and  fiexxible 
sidegroups.  MEEP  (5)  itself  has  a  Tg  of polymer  10  has  a  Tg  of -75<KZ,  and  die 
values  for  11  and  12  are  -76°C  and  -84^  respectively.  For  13,  with  a  terminal  NH2 
unit  at  each  side  group,  the  Tg  rises  to  -18^  presumably  because  side  group  hydrogen 
bonding  restricts  the  thermal  motions  of  the  macromolecules. 
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MEEP  is  of  interest  from  several  points  of  view.  Fixst,  it  is  an  excellent  solid 
solvent  for  salts  such  as  lidnum  txiflate.  The  solid  solutions  funcdon  as  solid  polymeric 
imiic  ccmductocs  and,  as  such,  they  have  generated  widespread  interest  as  potential 
electrolytes  in  large  area,  lightwei^t.  rediargeable  lidnum  batteries  (Figure 

Second,  MEEP  can  be  oosslinked  readily  by  exposure  to  gamma-rays  oc 
ultraviolet  ligfaL^^  The  mechanism  ct  dds  reaction,  as  illustrated  in  Sdieme  VH,  is 
believed  to  involve  C-H  bond  homolydc  cleavage,  followed  by  cxoss-combinadon  of  the 
resultam  carbmi  radicals.  The  sensinvity  of  MEEP  to  radiation  cross-linking  is  attributed 
to  the  presence  of  22  C-H  bonds  on  every  repeating  uniL  Cross-linked  MEEP  swells  in 
water  to  form  stable  hydrogels  (Figure  4).  die  water  content  of  which  is  a  function  of  the 
degree  of  cross-linking.  The  cross-linking  process  has  been  used  to  entrap  and 
immobilize  enzymes  with  retendon  of  enzymic  acdvity^^.  Diffusion-release  of  small 
molecule  solutes  from  the  hydrogels  has  also  been  studied.^ 

Finally,  radiadon-cioss-linked  MEEP  has  been  converted  to  swollen  organogels 
by  absorption  of  organic  vinyl  monomers  (Figure  5).  Polymerizadon  and  cross-linkmg  of 
the  organic  monomers  has  yielded  a  range  of  interpenetrating  polymer  network  (IPN) 
materials.^  IPhTs  prepared  widi  acrylonitrile  and  acrylic  acid  polymers  show  good 
component  cooqiatability,  and  this  is  consistent  widi  the  expected  hydroptulic 
interaedmis.  MEEP  has  also  been  used  as  die  linear  polymeric  con^nent  in  ceramic 
composites  prepared  via  die  sol-gel  process,  and  these  show  a  range  of  interesting  and 
potentially  useful  propenies.^ 

3.  Polymers  with  Glucosyl  Side  Groups.  Perhaps  the  ultimate  in  hydrophilic  side 
gronp  interacdons  mi^t  be  expected  from  glucosyl  units  of  the  type  shown  in  polymer  6. 
With  four  free  hydroxyl  gtoups  on  every  side  group,  the  opportunities  for  H-bonding  to 
water  molecules  would  appear  to  be  almost  unprecedented  in  a  syndiedc  polymer. 
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The  synthesis  of  glucosyl-sobsdtnted  polyphosphazenes  presents  a  q)ecial 
challoige.  Glucose  itself  has  five  functional  sites  per  molecule,  and  any  attempt  to  treat 
poly<diclil(xophosphazene)  with  glucose  would  result  in  extensive  cross-linking  and 
polymer  precipitation  long  before  halogen  replacement  was  complete.  Thus,  four  of  the 
five  hydroxy  units  must  be  protected  during  coupling  of  the  side  group  m  the  backbone, 
and  must  be  deprotected  during  a  final  step.  This  process  is  shown  in  Scheme  VIEL^^ 

The  second  challenge  is  diis:  the  protecmd  diacetone  glucose  used  in  the  initial 
macromolecular  substimtion  is  an  exceedingly  bulky  nucleophile.  Replacement  of  half 
the  available  chlorine  atoms  proceeds  in  a  conventional  manner.  However,  replacement 
of  the  remainder  is  slowed  considerably  by  steric  hindrance  effects.  Indeed,  replacement 
of  the  last  chlorine  in  a  three  repeat  unit  sequence  appears  to  be  exceedingly  difficult, 
based  on  molecular  graphics  simulations  (Hgure  6),  and  it  is  not  surprising  that  long 
reaction  tunes  and  elevated  reaction  temperatures  are  needed  for  this  final  replacemenL 

Thus,  from  a  practical  point  of  view,  it  is  easier  to  incorporate  ±e  glucosyl  units 
as  part  of  a  mixed-substiment  polymer,  with  the  second  nucleophile  being  less  bulky  than 
diacetoneglucoxide.^^  This  is  illustrated  in  Scheme  DC 

A  great  deal  of  additional  work  needs  to  be  done  with  sugar  derivatives  of 
polyphosphazenes,  and  this  will  undoubtedly  occur  as  their  biomedical  properties  are 
studied  in  more  detail 

4.  Glyceryl  Derivatives.  Glyceryl  side  groups  offer  similar  opportunities  for 
generating  polymer  water-solubility  as  was  discussed  for  glucosyl  units.  Similar 
synthetic  challenges  are  also  encountered,  especially  with  respect  to  the 
multifunctionality  of  glycerol  and  the  need  for  protection-deprotection  reactions.  Steric 
hindrance  is  less  of  a  probleoL  The  synthesis  sequence  is  shown  in  Scheme 
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Hw  glycoyl  polymer,  14,  is  coo^Ietely  soluble  in  water.  It  has  a  glass  transition 
tenq)erature  of  19.2^ 

5.  AryloxycartfoxyUc  Acid  Derivatives.  Polymer  8  is  an  analogue  of  poly  (acrylic 
add)  or  of  macromolecnles,  fnexn  which  it  differs  by  the  high  concoitration  of 

carboxylate  groups  per  rqwadnguniL  It  is  of  interest  as  a  water-soluble  polymer,  as  a 
polyelectrolyte,  and  as  a  biomedical  encapsulant 

The  syndiesis  of  8  requires  the  protection  and  eventual  deprotecdon  of  the 
carboxylic  add  function  for  the  reasons  discussed  above.^^  The  overall  synthesis 
procedure  is  shown  in  Scheme  XL  Aldiough  the  parent  polymer  with  carboxylic  acid 
units  is  not  soluble  in  water,  the  sodium  and  potassium  salts  have  a  high  solubility  in 
aqueous  media.  « 

Periuqis  the  most  inqiortant  property  of  the  polymer  is  its  ability  to  foim  ionic 
cross-links  when  the  sodium  salt  is  exposed  to  solutions  of  divalent  or  crivalent  cations, 
such  as  Ca'*'*'  ot  Al'*"^.  The  ionically  cross-linked  materials  are  hydrogels,  with  the 
physical  characteristics  being  determined  by  the  divalent  cation  concentration.  Infusion 
with  solutions  of  monovalent  canons  reverses  the  process  and  leads  to  dissolution  of  the 
polymers.  Preliminary  tests  have  indicated  that  this  polymer  has  a  low  oral  mxidty. 

The  polymer  has  been  studied  as  a  species  for  the  microencapsulaticm  of 
biologkally-active  entities,  such  as  rnammalian  cells,  microorgaiusms,  and  proteins. 

The  ntictoencapsulatitm  ptocedure  involves  the  dispersion  of  the  biological  entity  in 
an  aqueous  solutkm  of  polymer  8  and  expulsion  of  the  bioactive  species  complete  with  a 
surrounding  coating  of  polymer  solution  into  an  aqueous  solution  of  calcium  chlorate. 

Liver  hybridoma  cells  in  culture,  proteins,  and  immunostimulant  species  have 
been  microencapsulated  in  this  way.  The  bioerositm  of  the  polymer  has  been  induced  by 
the  incorporation  of  amino  acid  ester  cosubstituent  groups  into  the  polymer.^^ 
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<$.  Pofymers  with  Su^oidc  Acid  SohtbiUxing  Groups.  The  polymer  shown  as  9  is 
rqnesentadve  of  a  range  of  structures  with  different  ratios  of  aiyloxy-  and  sulfonated 
aryloxy  side  groups.  These  are  prepared  by  the  sulfonadon  of 
poly[bis(phenoxy)phosphazene]  (15),  as  shown  in  Scheme  XIL^^  Relatively  small 
amounts  (>25%)  of  sulfcmated  aryloxy  groups  can  induce  water  solubility.  As  discussed 
in  the  following  section,  sulfraadmi  of  the  surface  of  an  aryloxyphosphazene  polymer 
can  dramatically  increase  the  hydrophilicity  of  the  material.  Sulfonated 
polyphosphazenes  can  also  be  prepared  via  two  additional  methods.  First,  it  has  been 
reported  that  the  use  of  a  sulfonated  nucleophile  in  die  primary  macromolecular 
substitution  process  (Scheme  II)  yield  polymers  with  aliphadc  sulfonated  units.^^ 

Second,  we  have  shown  recendy  that  the  reacdons  of  aliphadc  amino  side  groups  with 
sultones  generates  sulfonated  polyphosphazenes.^^ 

Hydrolytic  Stability. 

As  mendoned  earlier,  the  stability  or  instability  of  a  polymer  to  water  will 
determine  the  applicadons,  and  especially  the  biomedical  uses,  for  which  it  is  suited. 

Two  of  the  polymer  classes  discussed  so  far  are  sensidve  k>  hydrolysis  in  neutral  pH 
water  at  lOO^C  (Table  2)  and  this  reflects  a  much  slower  hydrolysis  rate  at  body 
temperature.  Thus,  the  glucosyl  and  glyceryl  species  hydrolyze  slowly  to  phosphate, 
small  amounts  of  ammonia,  and  glucose  or  glyceroL  The  biocompadbility  of  these 
products  is  obvious,  and  the  utility  of  these  systems  in  drug  delivery  and  other  biomedical 
applicadons  is  a  subject  of  considerable  interest.  On  the  other  hand,  the  methylamino* 
subsdtuted  polymer  (4)  and  MEEP,  are  stable  to  water  at  neutral  and  basic  pH,  but  are 
sensidve  to  strong  acids.^  The  arylsulfonic  acid-subsdtuted  polymers  of  type  9  appear 
to  be  stable  to  hydrolysis  over  a  wide  pH  range.  The  hydrolysis  behavior  of  the 
arylcarboxylic  acid  derivadve  (8)  is  sdll  under  invesdgadon  although,  as  mendoned 
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above,  their  hydrolysis  can  be  induced  by  the  presence  of  a  hydrolytically  sensitizing 
costtbstiment  groiip.^^ 

Hydrophflic  Surfaces  and  SurfKe  Hydrogeb 

Numerous  needs  exist  in  biomedicine  for  polymers  that  have  a  hydrophobic 
interior  (to  prevent  water  absorpticm  and  colonization  by  microorganisms)  and  a 
hydrophilic  or  hydrogel  surface  (Figure  7).  Polyphosphazenes  are  pardculaily  useful 
starting  polymers  for  such  materials  because  of  (a)  the  wide  range  of  side  gtoiqis  that  can 
be  employed,  (b)  the  chemical  stability  of  the  skeleton,  and  (c)  the  possibilides  that  exist 
for  the  exchange  of  surface  side  groups  by  a  variety  of  hydrophilic  units. 

A  simple  soludon  to  this  problem  is  shown  in  Figure  8.  Here,  films  of 
poly[bis(ttifluoroethoxy)phospha23me]  (16)  undergo  replacement  of  surface  fluoroalkoxy 
units  by  hydroxyl  or  -O’  '^NBu4  uiuts  during  treatment  with  aqueous  soludons  of  sodium 
hydroxide  containing  tetiabutylammonium  bromide  -  a  phase  transfer  agenc^^ 

Hydrolysis  proceeds  rapidly  from  the  surface  generadng  an  adhesive  hydrogel  as  it 
penetrates  toward  die  interior.  The  contact  angle  to  water  falls  from  108^  to  90^  as  the 
process  takes  place.  Similar  surface  reacdons  have  been  used  to  link  funcdonal  organic 
uiuts  to  the  surfiice  of  polyphosphazenes,  as  illustrated  by  Scheme  XHl^^ 

A  surface  oxidadcm,  as  shown  in  Figure  9,  converts  p-methylaryloxy  surface 
groups  to  units  that  bear  carboxylic  acid  funcdons.^^  Again,  the  reaction  is  accompaiued 
by  a  sharp  decrease  in  contact  angle  from  92^  to  70^,  or  to  2S°  in  contact  with  basic 

Sulfonadon  of  surface  aryloxy  groups,  as  in  Figure  10,  in  the  presence  of  sulfuric 
add  or  SO3  has  a  similar  efiect.^'^ 

These  surface  reacdons  are  imporcant  because  biomedical  compadbility, 
pardcularly  blood  compadbility,  depends  on  the  hydrophilic  character  of  the  surface  and 
on  the  absence  or  presence  of  ionic  spedes.  (Considerable  effort  is  being  expended  in 
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odier  labontories  to  link  poly-  or  oligoethylene  oxide  sptdes  to  polymer  surfaces  in 
order  to  ixnptove  blood  coa^adbOity.^  The  thicker  the  hydrophilic  layer  (widiin  limits), 
the  more  effective  is  die  biological  effect 

Recently,  we  have  approached  the  same  problem  frmn  a  different  point  of  view. 

As  discussed,  MEE?  can  be  readily  cross-linked  by  exposure  to  gamma-rays  or 
ultraviolet  light  This  samg  radical-induced  reaction  also  provides  a  mechanism  for  the 
covalent  binding  of  MEEP  to  the  surfaces  of  polymers  such  as  polyethylene, 
polypropylene,  or  poly(vinyl  chloride).  The  process  is  illustrated  in  Figures  1 1  and  12.^^ 

Evidence  has  also  been  obtained  that  MEEP  hydrogels  have  some  antibacterial  activity"^ 
and  this  raises  the  possibility  that  the  surface  lamination  process  may  be  used  to  inqnove 

the  resistance  of  polymeric  biomaterials  to  colonization  by  microorganisms. 

• 

Conduding  Comments 

\\^thin  the  field  of  macromolecules,  relatively  few  polymers  are  soluble  in  water 
or  are  appropriate  for  conversion  xo  hydrogels.'^^  Proteins,  nucleic  acids,  and  some 
polysaccharides  are  obvious  examples  of  species  that  are  water-soluble,  as  are  linear 
polyphosphates  and  polysilicates.  However,  for  petrochemical  polymers  relatively  few 
examples  exist  such  as  poly(ethylenc  oxide),  poly(vinyi  alcohol),  poly(acrylic  acid), 
poly(vinylpynidine),and  a  variety  of  newer  polymers  that  contain  ether  units  in  the 
backbone  and  hydroxy  or  carboxylate  side  units.  ^ 

The  development  of  polyphosphazenes  as  water-soluble  polymers  and  hydrogels 
offers  many  new  possibilities  in  this  field.  These  polymers  have  high  molecular  weights, 
have  a  hydrophilic  backbone,  have  structures  that  can  be  varied  over  a  wide  range  by  the 
macromolecular  substitution  and  cosubstitution  routes  and,  when  necessary,  can  be 
designed  to  be  bioerodible.  The  six  polymers  shown  as  4-9  represent  the  starting  point 
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for  work  in  this  field.  A  much  wider  range  of  water-soluble  structures  can  be  andcipated 
as  the  structuxe-proper^  reladonsidps  and  uses  become  more  extensively  developed. 
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Chart  1.  Water-Soluble  Polyphosphazenes 
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Hydrogels  Extrude  Water  at  the  Same  Temperatures  as  the  LCST 


Table  2.  Hydrolytic  Sensitivity  at  pH  7  (Possible  BioerodibOity) 
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*  This  potentially  explosive  intermediate  is  not  isolated, 
but  is  both  prepared  and  decomposed  in  solution 
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Figure  1.  Crosslinking  of  water-soluble  polymers  generates  hydrogels 


Figure  2.  Hydrolytic  instability  may  be  utilized  as  bioeroi 


T  critical  solution  temperature  (LCST)  for  a  polymer  solution  and  hydrogel 


Figure  4.  Poly[bis(inethoxyethoxyethoxy)phosphazene],  crosslinked  by 
exposure  to  approximately  2  Mrad  of  gamma-rays,  before  and  after 
immersion  in  water. 
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Figure  5.  Interpenetrating  polymer  networks  based  on  MEEP. 


Figure  6.  Molecular  graphics  simulation  of  (A)  the  steric  hindrance 
involved  in  the  replacement  of  the  last  chlorine  atom  (arrow)  in  a 
three-repeat  unit  segment  of  a  polyphosphazene  by  a  diactetone  glucose 
anion,  and  W  the  close  crowding  that  exists  in  a  completely  substituted 
segment  of  the  chain. 
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Figure  11.  Radiation  grafting  of  molecules  of  poly(bis(methoxyethoxyethoxy)phosphazene] 
to  the  surface  of  a  solid  polymer,  and  the  changes  in  contact  angles  to  water  that  occur 
following  grafting.^^ 
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P.O.  BOX  5152 

WARMINSTER  PA  18974-0591 


PROF.  TOBY  M.  CHAPMAN 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  PITTSBURGH 
PITTSBURGH  PA  15261 


DR  ROBERT  E  COHEN 
DEPARTMENT  OF  CHEMICAL  ENGINEERING 
MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
CAMBRIDGE.  MA  02139 


PROF.  JOSEPH  M.  DESIMONE 
DEPARTMENT  OF  CHEMISTRY 
THE  UNIVERSITY  OF  NORTH 
CAROUNA  AT  CHAPEL  HILL 
CHAPEL  HILL,  NC  27599-3290 


DR  RANDOLPH  S.  DURAN 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  FLORIDA 
GAINESVILLE.  FL  32611 


OR  CUrniS  W.  FRANK 

DEPARTMENT  OF  CHEMICAL  ENQINEERINQ 

STANFORD  UNIVERSITY 

STANFORD.  CA  94305 


DR  JOSEPH  A.  QARDELLA 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  BUFFALO 
BUFFALO,  NY  14214 


OR  ROBERT  H.  QRUBBS 
DEPARTMENT  OF  CHEMISTRY 
CALIFORNIA  INST.  OF  TECHNOL 
PASADENA.  CA  91124 


OR  JAMES  F.  HAW 
DEPARTMENT  OF  CHEMISTRY 
TEXAS  A&M  UNIVERSITY 
COLLEGE  STATION,  TX  77843 


OR  HATSUO  ISHIOA 

DEPARTMENT  OF  MACROMOLECULAR  SCIENCES 
CASE  WESTERN  RESERVE  UNIV. 

CLEVELAND,  OH  44106 


DR  JEAN  M.  FRECHET 
DEPARTMENT  OF  CHEMISTRY 
CORNELL  UNIVERSITY 
ITHACA,  NY  14853 


OR  JAMES  R.  GRIFFITH 
CODE  6120 

DEPARTMENT  OF  THE  NAVY 
NAVAL  RESEARCH  LABORATORY 
4555  OVERLOOK  AVENUE,  SW 
WASHINGTON.  DC  20375-5000 


DR  I.  I.  HARRUNA 
DEPARTMENT  OF  CHEMISTRY 
MORRIS  BROWN  COLLEGE 
ATLANTA,  GA  30314 


OR.  ALAN  J.  HEEGER 
DEPARTMENT  OF  PHYSICS 
UNIV.  OF  CAUFORNIA 
SANTA  BARBARA,  CA  93106 


DR  RICHARD  B.  KANER 

DEPARTMENT  OF  CHEMISTRY  &  BIOCHEMISTRY 
UNIVERSITY  OF  CAUFORNIA.  lA 
LOS  ANGELES  CA 


Da  JOHN  F.  KEANA 
UNIVERSITY  OF  OREGON 
EUGENE.  OR  97403 


PROF.  HILARY  S.  LACKRITZ 
DEPARTMENT  OF  CHEMICAL  ENGINEERING 
PURDUE  UNIVERSITY 
WEST  LAFAYETTE  IN  49707 


Da  GEOFFREY  UNDSAY 
CHEMISTRY  DIVISION  •  CODE  3858 
NAVAL  WEAPONS  CENTER 
CHINA  LAKE.  CA  93555 


Oa  ASLAM  MAUK 
AEROJET  PROPULSION  DIVISION 
P.O.  BOX  13222 
SACRAMENTO  CA  95813-6000 


Da  KRZYSZTOF  MATYJASZEWSKl 
DEPARTMENT  OF  CHEMISTRY 
CARNEGIE-MELLON  UNIVERSITY 
PITTSBURGH,  PA  15213 


Oa  JEFFREY  T.  KOBERSTBN 
INSTITUTE  OF  MATERIALS  SCIENCE 
UNIVERSITY  OF  CONNECTICUT 
STORRS.  CT  06268 


PROF.  RICHARD  M.  LAINE 
DEPT.  OF  MATERIALS  SCIENCE 
AND  ENGINEERING 
THE  UNIVERSITY  OF  MICHIGAN 
H.H.  DOW  BUILDING 
ANN  ARBOR  Ml  48105-2137 


PROF.  ALAN  Q.  MACDIARMID 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  PENNSYLVANIA 
CHEMISTRY  BUILDING 
PHILADELPHIA  PA  19104-6323 


Da  LON  J.  MATHIAS 
DEPARTMENT  OF  POLYMER  SCIENCE 
UNIVERSITY  OF  SOUTHERN  MISSISSIPPI 
HATTIESBURG  MS  39406-0076 


DR.  ALON  MCCORMICK 
CHEMICAL  ENGINEERING  &  MATERIALS 
SCIENCES  DEPARTMENT 
UNIVERSITY  OF  MINNESOTA 
MINNEAPOUS.  MN  55455 


OR  JAMES  E  MCQRATH 
OEPAFTTMENT  OF  CHEMISTRY 
VIRGINIA  POLYTECHNIC  INSTITUTE 
BLACKSBURG.  VA  24061 


OR  GEORGE  MUSHRUSH 
DEPARTMENT  OF  CHEMISTRY 
GEORGE  MASON  UNIVERSITY 
FAIRFAX,  VA  22030 


PROF.  A.  NATANSOHN 
QUEENS  UNIVERSITY 
KINGSTON  ONTARIO 
CANADA  K7L3N6 


OR  BRUCE  M.  NOVAK 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  CAUFORNIA 
BERKELEY,  CA  94720 


OR  PETER  N.  PENTAURO 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 

TULANE  UNIVERSITY 

314  GIBSON  HALL 

NEW  ORLEANS  LA  70118-5698 


OR  JAMES  A.  MOORE 
DEPARTMENT  OF  CHEMISTRY 
RENSSELAER  POLYTECHNIC  INSTITUTE 
TROY.  NY  12180-3590 


DR  MICHAEL  L  MYRICK 

DEPARTMENT  OF  CHEMISTRY  AND  BIOCHEMISTRY 
UNIVERSITY  OF  SOUTH  CAROUNA 
COLUMBIA  SC  29208 


DR.  DOUGLAS  C.  NECKERS 
DEPARTMENT  OF  CHEMISTRY 
BOWUNG  GREEN  UNIVERSITY 
BOWUNG  GREEN,  OH  43403 


DR.  CHRISTOPHER  K.  OBER 
MATERIALS  SCIENCE  &  ENGINEERING 
BARD  HALL,  CORNELL  UNIVERSITY 
ITHACA  NY  14853-1501 


OR  VIRGIL  PERCEC 

DEPARTMENT  OF  MACROMOLECULAR  SCIENCES 
CASE  WESTERN  RESERVE  UNIV. 

CLEVELAND,  OH  44106-2699 


DR  MICHAEL  F.  RUBNER 

MATERIALS  SCIENCE  &  ENGINEERING 
DEPARTMENT 

MASSACHUSETTS  INST.  OF  TECH. 

CAMBRIDGE,  MA  02139 


DR  JERRY  I.  SCHBNBeM 
DEPARTMENT  OF  MECHANICAL 
&  MATERIALS  SCIENCES 
RUTGERS  UNIVERSITY 
PISCATAWAY,  NJ  08854 


^^D  O  QUAQUmUAQ 

CENTER  FOR  BIO/MOLECULAR  SCIENCE  &  ENG. 
NAVAL  RESEARCH  LABORATORY 
CODE  60909 

WASHINGTON  DC  20375-5320 


PROF.  SAMUEL  I.  STUPP 

DEPT  OF  MATERIALS  SCIENCE  &  ENGINEERING 

UNIVERSITY  OF  ILUNOIS  AT  URBANA-CHAMPAIGN 

1304  WEST  GREEN  STREET 

URBANA,  IL  61801 


OR  JACOB  SCHAEFER 
DEPARTMENT  OF  CHEMISTRY 
WASHINGTON  UNIVERSITY 
ST.  LOUIS.  MO  63130 


OR  RICHARD  R.  SCHROCK 
DEPARTMENT  OF  CHEMISTRY.  6-331 
MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
77  MASSACHUSETTS  AVENUE 
CAMBRIDGE.  MA  02139 


DR.  ARTHUR  W.  SNOW 
CHEMISTRY  DIVISION 
NAVAL  RESEARCH  LABORATORY 
MATERIALS  CHEMISTRY  BRANCH 
CODE  6120 

WASHINGTON  DC  20375 


DR.  C.  S.  SUNG 

INSTITUTE  OF  MATERIALS  SCIENCE 
UNIVERSITY  OF  CONNECTICUT 
STORRS,  CT  06268 


DR  JAMES  M.  TOUR  PROF.  S.  K  TRIPATHY 

DEPARTMENT  OF  CHEMISTRY  DEPARTMENT  OF  CHEMISTRY 

UNIVERSITY  OF  SOUTH  CAROUNA  UNIVERSITY  OF  LOWELL 

COLUMBIA,  SC  29208  LOWELL.  MA  01854 


M  DA\/ID  M  WAI  RA 

DEPARTMENT  OF  CHEMISTRY  &  BIOCHEMISTRY 
UNIVERSITY  OF  COLORADO 
BOULDER.  CO  80309 


DR.  C.  H.  WANG 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  NEBRASKA 
UNCOLN,  NE  68588-0304 


DR.  ROBERT  WEST 
DEPARTMENT  OF  CHEMISTRY 
UNIVERSITY  OF  WISCONSIN-MADISON 
MADISON  Wl  53706 


DR  MICHAEL  E.  WRIGHT 
DEPARTMENT  OF  CHEMISTRY 
UTAH  STATE  UNIVERSITY 
LOGAN,  UT  84322 


OR  LUPING  YU 
DEPARTMENT  OF  CHEMISTRY 
THE  UNIVERSITY  OF  CHICAGO 
970  E  SaTH  STREET 
CHICAGO  IL  60637 


